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ABSTRACT 
 
Influence of climate change and prescribed fire on habitat suitability and abundance of the high-
elevation endemic Cow Knob Salamander (Plethodon punctatus)   
 
Carl D. Jacobsen 
  
Amphibians are facing global declines due to climate change, loss and degradation of 
habitat, invasive species, and disease. The Appalachian region of the eastern USA is a global 
biodiversity hotspot for salamanders, which are considered keystone species that influence 
nutrient dynamics in terrestrial and aquatic food webs. There are high rates of salamander 
endemism in the Appalachian region, with many species restricted to isolated, high elevation 
areas. The Cow Knob Salamander (Plethodon punctatus) is one such species. It is only found at 
elevations >675 m (most populations are above 900 m) on Shenandoah Mountain, North 
Mountain, and Nathaniel Mountain in the Valley and Ridge Province in eastern West Virginia 
and Virginia. A recent study found that P. punctatus may be one of the most vulnerable species 
of Appalachian salamander to climate change due to its narrow distribution and poor ability to 
acclimate to warmer temperatures. However, little research has been conducted on P. punctatus, 
and information is needed by land managers to guide habitat and species management actions. 
The purpose of my thesis was to quantify the influence of broad and fine-scale habitat 
characteristics and assess the influence of climate change and active habitat management using 
prescribed fire, on the distribution and abundance of P. punctatus.  
 
 
In chapter 1, I provide background information on the causes of amphibian declines 
globally and in the Appalachian region, and information on the biology and conservation status 
of P. punctatus. I also summarize the goals of this research and give a summary of chapter 
topics. 
In chapter 2, I created habitat suitability models to examine the climatic and geological 
factors contributing to the distribution of P. punctatus. I also projected mid and end-of-century 
changes in habitat suitability as the climate warms. I found that the distribution of P. punctatus is 
largely driven by variables that contribute to a cool, moist climate. Elevation, heat load index, 
slope, hillshade, and mean annual temperature largely explain where this species is found. I 
projected that the climatic niche for P. punctatus will mostly disappear by mid-century, with a 
continual decrease through the year 2100. However, I identified areas of climate refugia that 
may, at least temporarily, allow for the persistence of this species.  
In chapter 3, I examined the influence of forest characteristics and habitat management 
using prescribed fire on terrestrial salamanders on Shenandoah Mountain. I surveyed 
salamanders in 4 burn units that differed in burn history as well as adjacent control areas, using 
nighttime visual encounter surveys and cover board surveys. I compared the response of P. 
punctatus with the more common and widespread Eastern Red-Backed Salamander (Plethodon 
cinereus). I found that areas that have more talus, are on the west side of Shenandoah Mountain, 
and have higher canopy cover had a higher abundance of P. punctatus and P. cinereus. 
Abundance was lower for P. punctatus in burned areas, but I was unable to draw conclusions 
about burn severity. A high-severity burn was negatively correlated with P. cinereus abundance, 
but there was not a significant effect for low-severity burns.  
 
 
My findings in Chapter 2 are consistent with previous studies that project P. punctatus 
will lose most of its climatic niche by the end of the 21st century. The results of Chapter 3 
indicate potential short-term negative impacts of prescribed fire on woodland salamanders in 
central Appalachia, particularly when burning results in reduced canopy cover. This thesis 
contributes to the general ecological knowledge for P. punctatus and provides land managers 
with information that can be used for proactive conservation of the species.  
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CHAPTER 1. 
INTRODUCTION 
1. Amphibian conservation in the Appalachians 
Amphibians are the most imperiled class of vertebrate animals with more than 41% of the 
7,000 species classified as threatened with extinction and an additional 22.5% considered data 
deficient by the IUCN (Stuart et al., 2004; Hoffman et al., 2010). Amphibians are facing global 
declines due to disease, climate change, invasive species and land use changes (Collins and 
Storfer, 2003; Stuart et al., 2004). In addition to their intrinsic value, amphibians are important 
ecologically, contribute to ecosystem services, and contain compounds that can be used in 
medicine (Hocking and Babbitt, 2014).  
For salamanders, habitat loss and degradation are the most cited causes of declines (Dodd 
and Smith, 2003), while climate change is projected to have a major influence on the future 
distribution of species, resulting in biodiversity loss (Milanovich et al., 2010; Sutton et al. 2015). 
The Appalachian Mountains of the eastern U.S. are a global biodiversity hotspot for salamanders 
with high rates of endemism (Kozak et al., 2009; Milanovich et al., 2010). Salamanders are an 
important component of forest food webs in the Appalachian region because they can be 
extremely abundant, with up to 10,000 individuals/ha (1.0/m2; Petranka et al., 1993). Their 
biomass often exceeds that of birds, small mammals, and deer (Burton and Likens, 1975; Pauley 
et al., 2006). Due to their impacts on ecosystem dynamics, they have been proposed as keystone 
species (Davic and Welsh, 2004). Salamanders perform key ecological functions, such as 
preying on decomposers that reducing leaf litter decomposition, contributing to carbon 
sequestration of forests and soil dynamics by burrowing and bringing nutrients to deeper soil 
levels, and providing an abundant source of energy for predators (Wyman, 1998; Davic and 
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Welsh, 2004; Pauley et al., 2006). They have also been found to contribute to diversity of 
invertebrate communities by significantly reducing abundance and allowing for competitive 
release (Davic, 1983). Salamanders are considered indicators of forest ecosystem health because 
they are sensitive to environmental stressors (Welsh and Droege, 2001). Plethodon salamanders 
are lungless, so they must keep their skin moist to perform cutaneous respiration for gas 
exchange, making them sensitive to changes in microhabitat characteristics that affect moisture 
or temperature, such as leaf litter depth, density of coarse woody debris, and canopy cover 
(Maerz et al., 2009). 
 
2. The Cow Knob Salamander (Plethodon punctatus) 
2.1 General biology 
The Cow Knob Salamander (Plethodon punctatus) is a medium-large bodied terrestrial 
salamander (up to 75 mm snout-vent length [SVL]) with creamish to whitish spots on its back 
and sides (Fig. 1). It superficially resembles the slimy salamander (Plethodon glutinosus 
complex); however, P. punctatus can be distinguished from the P. glutinosus complex by the 
presence of 17-18 costal grooves, webbing on their hind feet, and a lightly colored throat 
(Highton, 1972; Green and Pauley, 1987). Plethodon punctatus was derived from a population of 
Wehrle’s Salamander (P. wehrlei) when it became geographically isolated, likely during a dry 
period of the Pleistocene epoch (Highton, 1972; 1995). They are a part of the P. wehrlei species 
complex, along with P. wehrlei, and the recently recognized Yellow-Spotted Woodland 
Salamander (P. pauleyi), Blacksburg Salamander (P. jacksoni), and Dixie Cavern Salamander 
(P. dixi; Kuchta et al., 2018; Felix et al., 2019).  
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Surface activity for P. punctatus peaks in late spring and early summer and they are also 
active in the fall; they are less active on the surface in mid-summer, though they can be found 
when the ground is moist (Fraser, 1976; Flint and Harris, 2005). The diet for P. punctatus 
consists mostly of ants, beetles, snails, mites, centipedes, and millipedes (Fraser, 1976; Tucker, 
1998). The breeding season begins in late August and may continue into the winter (Tucker, 
1998). Males become sexually mature in their third year when they are ca. 49 mm snout-vent 
length (SVL), while females mature in their fourth year at ca. 59 mm SVL (Tucker, 1998). 
Breeding females lay ca. 7 to 16 eggs biennially, and probably lay their eggs around February, 
below the talus surface (Tucker, 1998). 
 
2.2 Habitat and conservation  
Plethodon punctatus has a narrow distribution in the Valley and Ridge province of the 
central Appalachians. The species inhabits forests >850 m in elevation on Shenandoah Mountain, 
North Mountain, and Nathaniel Mountain (Highton, 1972; Graham, 2007), with most 
populations occurring above 960 m on the George Washington National Forest (GWNF; 
Buhlmann et al., 1988). Plethodon punctatus is most abundant on talus slopes with a northern 
aspect, and individuals typically use rocks as cover objects in and around talus habitat 
(Buhlmann et al., 1988; Tucker, 1998). There is a greater abundance of P. punctatus on the West 
Virginia side of Shenandoah Mountain, possibly due to wetter conditions (Buhlmann et al., 1988; 
Tucker, 1998; Flint and Harris, 2005). 
Given their small range and strict habitat requirements, P. punctatus is considered a 
species of special concern by the Virginia Department of Game and Inland Fisheries and the 
West Virginia Division of Natural Resources. In 1985, the U.S. Fish and Wildlife service 
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(USFWS) classified P. punctatus as a category 2 species, meaning it might be threatened or 
endangered, but more information was necessary to make a determination (Buhlmann et al., 
1988). Buhlmann et al. (1988) conducted the first study on the conservation status of this species. 
Abundance was highest for this species on north-facing slopes, with ample rock cover, in 
hardwood forests where the canopy had not been recently disturbed by logging operations 
(Buhlmann et al., 1988). The U.S. Forest Service (USFS) established the Shenandoah Mountain 
Crest - Special Interest Area (SMC-SIA) in 1992, encompassing ca. 17,400 ha of protected land 
on all federally owned lands above 914 meters on Shenandoah Mountain (Mitchell, 1992). In 
1994, the USFS and the USFWS reached an unprecedented conservation agreement between 
federal agencies, for the USFS to secure and protect this species and its habitat as an alternative 
to federal listing (Mitchell, 1994). The construction of new roads and commercial timber 
harvests are not permitted in the conservation area (USFS, 2014). In addition to the SMC-SIA, 
areas where P. punctatus is found below 914 m in elevation are managed in the same manner 
(USFS, 2014).  
 
2.3 Climate change  
Climate change may be the biggest threat to P. punctatus due to their limited montane 
distribution. Previous studies have indicated that P. punctatus may lose all of its climatic niche 
by the year 2050 (Milanovich et al., 2010; Sutton et al., 2015). The vulnerability of P. punctatus 
to climate change was supported by a recent laboratory study (Markle and Kozak, 2018). Out of 
16 species of plethodontid salamanders investigated, P. punctatus had the lowest capacity for 
acclimation to warmer temperatures, as well as a low critical thermal maximum. In addition, the 
metabolic rate of P. punctatus was more than 2.5 times greater when exposed to 25 °C 
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temperatures compared to 15 °C (Markle and Kozak, 2018). This increase in metabolic rate may 
result in a smaller body size (Caruso et al., 2014). Previous studies on the climatic niche of P. 
punctatus only used a small proportion of the known locations and used coarse climate resolution 
data (ca. 1 km2). A study using all of the known occurrence locations, finer scale climate data, 
and a species-specific approach is warranted to better understand how climate change might 
affect P. punctatus. 
 
2.4 Prescribed Fire 
Prescribed fires are used as a forest management tool in occupied P. punctatus habitat on 
the GWNF to promote and maintain mixed-oak and pine forests, and create open forest 
conditions (USFS, 2014). Previous investigations on the effects of fire on woodland salamanders 
found a range of responses that varied among species, geographic region, and fire regime (e.g. 
Matthews et al., 2010; Ford et al., 2010; O’ Donnell et al., 2015). While the majority of previous 
studies did not conclude that prescribed fire significantly influenced salamander abundance, 
moderate declines in abundance were apparent when prescribed fire caused, or was combined 
with, a decrease in canopy cover (Matthews et al., 2010; Hocking et al., 2013; Mahoney et al., 
2015).  There have been no studies focused on responses of P. punctatus to habitat conditions 
resulting from prescribed fire. A better understanding of how prescribed fire and forest habitat 
characteristics affect P. punctatus will allow land managers to better manage habitat for this 
species. 
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3. Research goals and summary of chapters 
The goal of this research is to quantify the influence of broad and fine-scale habitat 
characteristics, and assess the influence of climate change and active habitat management using 
prescribed fire, on the distribution and abundance of P. punctatus. In Chapter 2, I assessed the 
effects of geological and climatic variables on habitat suitability for this species, and projected 
how climate change may impact habitat suitability in the future. In Chapter 3, I assessed the 
effects of prescribed fire and forest characteristics on the abundance of this species as well as 
sympatric populations of the common and widely distributed Eastern Red-Backed Salamander 
(Plethodon cinereus). The results of this research will provide the USFS and other management 
agencies with important species and habitat information that can be used to support conservation 
efforts for P. punctatus. 
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Fig. 1. An adult Cow Knob Salamander (Plethodon punctatus) in moss-covered talus habitat. 
Plethodon punctatus superficially resembles Slimy Salamanders (Plethodon glutinosus 
complex), but the species has more webbing between the toes and a lighter colored throat. 
Photograph used with permission from D.J. Brown. 
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Chapter 2. 
VULNERABILITY OF HIGH-ELEVATION SALAMANDERS TO CLIMATE 
CHANGE: A CASE STUDY WITH THE COW KNOB SALAMANDER (PLETHODON 
PUNCTATUS)  
 
Abstract  
 Woodland salamanders (genus Plethodon) are mid-level predators that play a 
fundamental role in the food web of Appalachian forests. Rapid contemporary climate change is 
a potential threat to long-term persistence of high-elevation, isolated, endemic species because 
they are thermal specialists that depend on the availability of their unique climatic niche. 
However, little is known about habitat selection for many of the narrowly-distributed species and 
how microrefugia may help mitigate the effects of climate warming. The Cow Knob Salamander 
(Plethodon punctatus) is a species of conservation concern found at high elevations in the Valley 
and Ridge Province of western Virginia and eastern West Virginia. We used habitat suitability 
models to examine relationships between landscape characteristics, climate variables, and P. 
punctatus occurrence, and estimated effects of future climate scenarios on the species’ climatic 
niche. We found that elevation, slope, aspect, and hillshade were influential landscape predictors 
of species occurrence, and that mean annual temperature was the most influential climate 
variable. Future climate projections indicated this species will likely lose most of its climatic 
niche by mid-century, and that amount of suitable habitat will continue to decline through 2100. 
However, we also identified several pockets of habitat that may represent climate change refugia 
for P. punctatus. Our study provides quantitative estimates that support the general concern that 
high-elevation endemic salamanders are particularly vulnerable to climate change. Our models 
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can be used by natural resource managers to guide current P. punctatus monitoring and habitat 
conservation efforts, as well as to identify focal areas that will likely serve as refugia for the 
species as the climate continues to change over this century. 
 
1. Introduction 
The Appalachian Mountain region in the eastern United States is a global biodiversity 
hotspot for salamanders (Milanovich et al., 2010; Rissler and Smith, 2010), with many high-
elevation endemic woodland salamanders (genus Plethodon) of conservation concern, such as 
the Shenandoah Salamander (P. shenandoah), Cheat Mountain Salamander (P. nettingi), Peaks 
of Otter Salamander (P. hubrichti), Weller’s Salamander (P. welleri), and Cow Knob 
Salamander (P. punctatus). There is broad concern that these salamanders are particularly 
vulnerable to climate change because of the inability to expand to higher elevations or latitudes 
as the climate warms (Milanovich et al., 2010). Further, there is concern about the potential for 
increasing interspecific competition as high elevations become more suitable for other 
salamander species (Kroschel et al., 2014; Milanovich et al., 2010; Moskwik, 2014).  
Habitat selection by wildlife occurs at multiple scales, ranging from individual-level 
resource acquisition to the geographic distribution of a species (Johnson, 1980). Important 
habitat characteristics are spatially and temporally dynamic, and the importance of a given 
variable is dependent on the scale of inference (Mayor et al., 2009). While there are many biotic 
and abiotic factors that affect local-scale distributions of woodland salamander species, 
landscape-scale distributions are largely driven by climatic conditions (Kozak and Wiens, 2010). 
These species are lungless ectotherms that are dependent on both temperature and moisture for 
cutaneous respiration and activity patterns (Feder, 1983). In particular, climate constraints on 
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physiology set the lower elevation limits for many montane salamander species (Gifford and 
Kozak, 2012; Grant et al., 2018). Narrowly-distributed species are often specialists for their 
unique ecological niches and will have less plasticity in their response to climate change than 
more widely-distributed species (Markle and Kozak, 2018). For example, Grant et al. (2018) 
found the abrupt range limit observed in P. shenandoah is likely due to whether a site is above 
the cloud base height (i.e., the lower elevation at which clouds form). Estimating the 
vulnerability of high-elevation endemic salamanders to rapid contemporary climate change is 
critical for guiding climate change adaptations strategies by natural resource managers (Dawson 
et al., 2011; Bierbaum et al., 2013; Fischman et al., 2014). 
Most of the research on habitat use and quality for woodland salamanders has focused on 
site-level characteristics, such as species density in relation to forest structure (Hocking et al., 
2013; Homyack and Haas, 2009; Pough et al., 1987). However, as computing power and 
availability of fine-grained, broad-scale spatial data have increased, researchers have begun to 
focus on identifying and quantifying the influence of landscape-level habitat characteristics on 
woodland salamander occurrence (e.g., Dillard et al., 2008; Keyser et al., 2011; Suzuki et al., 
2008). Further, several studies have projected changes in distributions of woodland salamanders 
based on predicted environmental changes, particularly climate change (Milanovich et al., 2010; 
Parra-olea et al., 2005; Sutton et al., 2015). These models can contribute to proactive 
conservation efforts in the face of climate change through spatially-explicit quantification of 
species vulnerability (Bagne et al., 2014; Dawson et al., 2011). 
One woodland salamander that is potentially highly vulnerable to rapid contemporary 
climate change is P. punctatus, a high-elevation species that is endemic to a small region (ca. 
720 km2) along the eastern and western border of West Virginia and Virginia, respectively. The 
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majority of historically known-occupied locations are on Shenandoah Mountain in the George 
Washington National Forest, which occurs in the Valley and Ridge Province, the driest region in 
the central Appalachians (Lafon and Grissino-Mayer, 2007). The comparatively dry climate may 
limit the local distribution of the species, relegating it to the limited areas with cool, moist 
conditions (Flint and Harris, 2005). For example, Buhlmann et al., (1988) documented greater 
relative abundance of P. punctatus on north-facing slopes and at high elevations, presumably due 
to cooler and wetter conditions in these areas. 
Two previous studies indicated that P. punctatus may be extremely vulnerable to climate 
change, as 100% of their climatic niche was projected to disappear by mid-century in both 
studies (Milanovich et al., 2010; Sutton et al., 2015). However, both were community-level 
studies, and thus did not explicitly focus on delineating the variables most influential for the 
occurrence of P. punctatus. Further, both studies used a small proportion of the known 
occurrence points for P. punctatus to train the models, and somewhat coarse-grained climate data 
(ca. 1 km2). Given the potential for this species to be among the most vulnerable woodland 
salamanders to climate change, a more robust and refined assessment of its vulnerability is 
warranted. 
The purposes of this study were to 1) delineate important landscape-scale predictors of P. 
punctatus occurrence, 2) estimate fine-scale probability of occurrence under contemporary 
environmental conditions across the species’ distribution, and 3) project fine-scale probability of 
occurrence under predicted future environmental conditions. Results of this study can be used to 
enhance management of P. punctatus by guiding current monitoring and habitat conservation 
efforts, as well as identifying focal areas that will likely serve as refugia for the species as the 
climate changes. 
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2. Methods 
2.1 Species occurrence data and study area 
We compiled all known P. punctatus locations (n = 229, precise locations withheld due 
to conservation concerns) from federal and university researchers who have conducted surveys 
over the past three decades. We bounded our study area based on the distribution of the species 
and dispersal boundaries. First, we created a buffer of 30 km around observed locations on the 
periphery of the distribution to incorporate potentially occupied habitat that has not been 
surveyed. We then restricted the lower elevation study boundary to 500 m; all observed locations 
are above 625 m. Lastly, because this species has never been found west of Cowpasture River 
and the South Fork of the South Branch Potomac River, or east of the Shenandoah Valley, we 
considered these to be dispersal barriers and restricted our study area to these barriers. It is 
unlikely that P. punctatus can disperse from the defined study area because unsuitable, low 
elevation habitat surrounds the mountains, and plethodontid salamanders have limited long-
distance dispersal capabilities (Gibbs, 1998). We gridded the study area into 24 m2 cells (i.e., the 
resolution of the digital elevation model [DEM] we used), and used the observed locations to 
define known occurrence cells. We used the remaining cells to generate background habitat data. 
 
2.2 Modeling overview 
We used a habitat suitability model (HSM) approach to estimate relationships between 
environmental variables and species occurrence (Boyce et al., 1999; Guisan and Zimmermann, 
2000). HSMs estimate spatially-explicit habitat quality based on correlations between species 
occurrence and environmental variables (Hirzel and Le Lay, 2008; Phillips et al., 2006). For this 
study, we created two HSMs to address our study objectives. First, we created a landscape 
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model, with the goal of maximizing accuracy for the contemporary spatially-explicit probability 
of occurrence of P. punctatus. Second, we created a climatic niche model, with the goal of 
estimating how climate change will influence the distribution of this species.  
We used the MaxLike HSM for this study (Royle et al., 2012). MaxLike uses species 
occurrence data coupled with background environmental data to model species-environment 
relationships. The function is a generalized linear model with a Bernoulli distribution and 
parameter value estimation using maximum likelihood (Royle et al., 2012). Although we 
acknowledge that presence-absence models are generally preferable to presence-only models 
(Brotons et al., 2004;  Yackulic et al., 2013), a robust absence data set is not currently available 
for this species. In addition, false absences in species monitoring data can be prevalent when 
detection probability is low (Hirzel et al., 2002), as is the case for P. punctatus (Flint and Harris, 
2005), potentially resulting in biased estimates from presence-absence models (Gu and Swihart, 
2004; MacKenzie, 2006). We chose MaxLike over other presence-only models such as MaxEnt 
because previous research found that MaxLike tended to perform similarly (Merow and Silander, 
2014), or better (Fitzpatrick et al., 2013). We created HSMs using the package ‘maxlike’ 
(version 0.1.7) in the statistical software R (version 3.5.1). We used the cloglog link function, 
rather than the default logit link function, because it resulted in a better model fit. 
 
2.3 Landscape variables 
We obtained a 1 arc second (ca. 24 m2 at 39° North) resolution DEM through the USGS 
National Elevation Dataset. From this layer, we derived slope, heat load index (HLI), 
topographical position index (TPI), and hillshade using ArcGIS (version 10.4). We standardized 
all variables by subtracting the mean and dividing by the standard deviation. HLI is a 
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measurement of the potential heat and incident radiation a site receives due to aspect and slope 
(McCune and Keon, 2002). This index assigns higher values for locations with a southwest 
aspect because they receive higher maximum temperatures from the afternoon sun. The 
following equation rescales aspect to a scale from 0 for cooler northeast-facing slopes, to 1 for 
warmer southwest-facing slopes: 
𝐻𝑒𝑎𝑡 𝐿𝑜𝑎𝑑 𝐼𝑛𝑑𝑒𝑥 =
1– cos (θ– 45)
2
 
where θ = aspect in degrees east of north. We calculated TPI as the slope position relative to the 
surrounding 600 m, with negative values representing areas that are lower than the surrounding 
area (i.e., valleys and ravines), and positive values represent areas that are higher than the 
surrounding area (i.e., ridges). 
 
2.4 Climate variables  
 For contemporary climate normals, we used 30-year averages (1980-2010) of estimated 
monthly precipitation and temperature that were statistically downscaled to 550 m2 resolution by 
CLIMsystems Ltd (Hamilton, New Zealand). We resampled the layers to the resolution of the 
landscape variables. We initially examined the 19 bioclimatic variables from WorldClim 
(Himjans et al. 2005; Table 1), because they are widely used in climatic niche modeling. For 
highly correlated climatic variables (r2 > 0.75), we retained the variables that were most 
biologically relevant based on woodland salamander ecology (Rissler et al., 2006). Our final 
analyses included 4 climatic variables, mean annual temperature, precipitation in the warmest 
quarter (i.e., June to August), precipitation in the wettest quarter (i.e., April to June), and 
temperature seasonality (i.e., the standard deviation in monthly temperature x 100). In addition to 
the climate variables, we included two topographical variables, HLI, and hillshade, in our 
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climatic niche models. Topographic variables that influence microclimate are often overlooked 
in climatic nice modeling (Title and Bemmles, 2018), and ignoring them may lead to an 
overestimation of extinction risk (Lembrechts et al., 2018).   
The IPCC recommends using an ensemble of GCMs to account for variability in climate 
model projections and to buffer against unusually high or low projections from single models 
(IPCC 2010). We extracted the median as well as the 10th and 90th percentile temperature 
scenarios from an ensemble of 31 global climate models using the 4.5 and 8.5 representative 
concentration pathways (RCPs) for the years 2050 and 2100. Each RCP represents a different 
greenhouse gas scenario. The RCP4.5 scenario represents a pathway where global greenhouse 
emissions gradually increase, followed by a decline after 2030. The RCP8.5 scenario represents a 
‘baseline’ scenario pathway with no climate mitigation target and an increase in emissions 
throughout the century (Moss et al., 2010).  
 
2.5 Model selection 
We fit models using a forward stepwise approach based on Akaike’s Information 
Criterion corrected for small sample size (AICc). Models with a lower score were ranked as more 
parsimonious. We calculated Akaike weights (wi) to determine the weight of evidence for each 
model (Anderson and Burnham, 2002). For the best approximating landscape and climatic niche 
model, we performed model validation using the ‘sdm’ package (version 1.0-46) in program R. 
We ran 10 iterations of 10-fold cross-validation and considered models that had an area under 
the receiver operating characteristic curve (AUC) of 0.7–0.9 to be informative, and models with 
an AUC > 0.9 to be “very good” (Baldwin, 2009; Sutton et al., 2015). 
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2.6 Suitability thresholds 
We used a threshold approach to create three probability of occurrence categories: not 
suitable, low occurrence probability, and high occurrence probability. Values above the ten fixed 
cumulative value (i.e., the value that results in 10% omission of training data) were considered to 
have a high occurrence probability. Low occurrence probability was determined by the minimum 
training presence threshold, where all known locations were correctly predicted by the model. 
Probability scores lower than the minimum training presence threshold were considered not 
suitable. The minimum training presence and 10% omission thresholds can be considered liberal 
and conservative approaches, respectively (Sutton et al., 2015).  
 
3. Results 
3.1 Landscape model 
Out of the 19 models fit, the elevation/HLI/hillshade/slope model was the best 
approximating model (Table 2). Plethodon punctatus occurrence was positively associated with 
elevation, slope, and hillshade, and negatively associated with HLI (Table 3). This model 
resulted in 40.9% not suitable, 42.1% low probability of occurrence, and 17.0% high probability 
of occurrence habitat within the study area. Most of the high probability of occurrence habitat 
was located on the ridgeline of Shenandoah Mountain (Fig. 1). This model received an AUC of 
0.936 (+/- 0.017 SD). The second-best model, elevation/HLI/slope/hillshade/TPI, also received 
empirical support (Table 2). However, it is very similar to the top model, and TPI was not 
significantly correlated with P. punctatus presence.  
 
3.2 Climate niche model 
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The best approximating climate niche model was the mean annual 
temperature/HLI/hillshade model (Table 2). Plethodon punctatus occurrence was positively 
associated with hillshade and negatively associated with HLI and mean annual temperature. 
Similar to the landscape model, most of the high probability of occurrence habitat was located on 
the ridgeline of Shenandoah Mountain. However, this model had a larger area of projected high 
probability of occurrence (Fig. 1). This model received an AUC score of 0.906 (+/- 0.028 SD). 
No other climate niche model received strong empirical support.  
Median projected increases in temperature for the study area ranged from 1.56 °C (2050, 
RCP4.5) to 5.14 °C (2100, RCP8.5; Table 4). Both projected increases in temperature resulted in 
a drastic reduction of suitable habitat for P. punctatus. The models projected 76–100% loss of 
high occurrence probability habitat and 31–100% loss of low occurrence probability habitat by 
2050 (Table 4). The models projected an 85–100% loss in high occurrence probability habitat 
and 50–100% loss in low occurrence probability habitat by the year 2100 (Table 4). However, 
the models identified potential climate refugia in areas that are high elevation, receive little direct 
solar radiation (i.e. low HLI and high hillshade), and near the ridgeline of Shenandoah Mountain 
(Fig. 2). 
 
4. Discussion 
Our landscape HSM indicated that P. punctatus have limited suitable habitat under 
contemporary climate conditions, mostly at high elevations near the ridgeline of Shenandoah 
Mountain. While previous studies observed that P. punctatus occupancy and abundance was 
greater at higher elevations (i.e., Buhlmann et al., 1988; Downer, 2008), our research is the first 
to explicitly model the relationship between elevation and occurrence across the species’ 
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distribution. This model shows that P. punctatus are mostly relegated to areas with cool, moist 
conditions (i.e., high elevations and areas with little solar radiation). 
The results of our climatic niche projections are consistent with the two previous studies 
(Milanovich et al., 2010; Sutton et al., 2015), and suggest that the P. punctatus will lose most its 
climatic niche, and therefore suitable habitat, by the year 2050, with further declines by the year 
2100. However, the previous climatic niche studies showed a 100% loss in suitable habitat by 
2050, whereas our study indicates there will likely be areas of climate refugia. Specifically, our 
climate niche model indicates that high elevation areas with a low HLI and high hill shade (i.e., 
areas that receive less solar radiation) will be important refugia as the climate warms. Thus, our 
study supports the importance of incorporating microrefugia in habitat suitability models 
(Lembrechts et al., 2018). 
Although our study indicates high vulnerability of P. punctatus populations to climate 
change across their distribution, we acknowledge that species occurrence-environment 
correlations under contemporary conditions may not extrapolate well to future novel 
environmental conditions (Gustafson, 2013). However, the vulnerability of P. punctatus to 
increasing temperature is supported by a recent laboratory study that investigated thermal 
acclimation ability and tolerance of plethodontid salamanders (Markle and Kozak, 2018). For the 
16 species investigated, P. punctatus had the lowest capacity for acclimation to warmer 
temperatures, as well as a low critical thermal maximum. In addition, the metabolic rate of P. 
punctatus was more than 2.5 times greater when exposed to 25 °C temperatures compared to 15 
°C (Markle and Kozak, 2018). Thus, the mechanism underlying the apparent strong influence of 
mean annual temperature on habitat suitability could be related to temperature being a limiting 
factor for surface activity, or related to the influence of temperature on baseline energy 
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expenditure. Specifically, P. punctatus spend the majority of time occupying deep subterranean 
talus habitat, which generally reflects mean annual temperature conditions (Mammola and 
Leroy, 2018). 
The landscape model we developed for this study is currently the most robust HSM for P. 
punctatus, and our model validation indicated it has high predictive accuracy. However, we were 
not able to find a variable that correlated strongly with the presence of talus habitat, which is 
positively correlated with local P. punctatus occupancy (Buhlmann et al., 1988), and we 
encourage future development of this habitat variable to improve model accuracy. A potential 
limitation of correlative climate niche models is they do not account for potential evolutionary 
responses to climate change (Luoto et al., 2005). However, temperatures are projected to warm at 
a much faster rate than previous climate adaptation rates for terrestrial vertebrates (Deutsch et al., 
2008; Quintero and Wiens, 2013). Additionally, we emphasize that our climate niche models 
project a loss of suitable habitat, not species extirpation. It is likely that P. punctatus will 
temporarily persist beyond the point when their habitat is no longer able to support stable 
population growth rates at dynamic equilibrium, referred to as extinction debt (Dullinger et al., 
2012; Kuussaari et al., 2009). 
 In summary, our study supports the general concern that high-elevation endemic 
salamanders in the Appalachian region are particularly vulnerable to climate change, and 
provides useful information to enhance conservation of the P. punctatus, a species of 
conservation concern. Our landscape model can be used by natural resource managers to guide 
current P. punctatus habitat conservation efforts, as well as to direct future survey efforts that 
could facilitate the discovery of new P. punctatus populations, thus expanding our knowledge of 
the range-wide distribution of the species. Our climate niche models identify potential areas of 
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refugia under warmer climate conditions, thus providing natural resource managers with defined 
areas to focus habitat and climate adaptation management efforts. 
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Table 1. Variables considered (left) and used (right) for modeling the occurrence of the Cow 
Knob Salamander (Plethodon punctatus) across the species’ distribution in eastern West Virginia 
and western Virginia, USA. All variables were standardized using a Z-score transformation prior 
to analyses. 
 
 
Variable Abbrev Variable Abbrev 
Landscape Model    
      Canopy Cover CC Elevation Elev 
      Lithology Lith Heat load index HLI 
  Hillshade Hill 
  Slope Slp 
  Topographical position index TPI 
Climate niche model    
      Mean diurnal range Bio 2 Mean annual temperature AT 
      Isothermality Bio 3 Precipitation of wettest quarter Pwet 
      Max temperature warmest month Bio 5 Precipitation of warmest quarter Pwarm 
      Min temperature coldest month Bio 6 Temperature seasonality TS 
      Annual temperature range Bio 7 Heat load index HLI 
      Mean temperature wettest quarter Bio 8 Hillshade Hill 
      Mean temperature driest quarter Bio 9   
      Mean temperature coldest quarter Bio 11   
      Annual precipitation Bio 12   
      Precipitation of wettest month Bio 13   
      Precipitation of driest month Bio 14   
      Precipitation seasonality  Bio 15   
      Precipitation of driest quarter Bio 17   
     Precipitation of coldest quarter Bio 19   
 
 
32 
 
Table 2. Model selection results to determine the optimal habitat suitability models for 
explaining the correlation between environmental variables and Cow Knob Salamander 
(Plethodon punctatus) occurrence across the species’ distribution in eastern West Virginia and 
western Virginia, USA. The landscape models (left) consisted of topographic variables, while the 
climate niche models (right) consisted of climate and climate refugia variables. Variables 
included elevation (Elev), hillshade (Hill), heat load index (HLI), slope (Slp), topographical 
position index (TPI), mean annual temperature (AT), precipitation in the warmest quarter 
(Pwarm), precipitation in the wettest quarter (Pwet), temperature seasonality (TS). Model 
selection was based on Akaike’s Information Criterion corrected for small sample size (AICc). 
Landscape Models Climatic Niche Models 
Model AICc ΔAICc wi Model AICc ΔAICc wi 
Elev, HLI, Hill, Slp 6161.649 0 0.35 AT, Hill, HLI 6347.022 0 1 
Elev, HLI, Hill, Slp, TPI 6162.413 0.764 0.239 AT, Hill, Pwarm 6390.543 43.521 0 
Elev, HLI, Hill, TPI 6162.423 0.774 0.238 AT, HLI, Pwarm 6390.58 43.558 0 
Elev, HLI, Hill 6163.046 1.397 0.174 AT, Hill 6391.465 44.443 0 
Elev, Hill, Slp 6192.121 30.472 0 AT, HLI, TS 6391.755 44.733 0 
Elev, Hill, Slp, TPI 6192.37 30.721 0 AT, HLI, Pwet 6393.561 46.539 0 
Elev, Hill 6197.916 36.267 0 AT, HLI 6447.7 100.678 0 
Elev, Hill, TPI 6199.521 37.872 0 AT, Pwarm 6507.522 160.5 0 
Elev, HLI 6231.337 69.688 0 AT, TS 6507.56 160.538 0 
Elev, HLI, TPI 6233.406 71.757 0 AT 6507.573 160.551 0 
E, TPI, Slp 6274.762 113.113 0 AT, Pwet 6509.601 162.579 0 
Elev 6277.338 115.689 0 Pwet 6907.564 560.542 0 
Elev, TPI 6279.286 117.637 0 Pwarm 6932.333 585.311 0 
Elev, HLI, Slp 6590.179 428.53 0 TS 7005.682 658.66 0 
Hill 6965.741 804.092 0 Null model 7986.234 1639.212 0 
TPI 6971.586 809.937 0     
HLI 7007.445 845.796 0     
Slp 7016.254 854.605 0     
Null model 7986.234 1823.821 0     
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Table 3. Parameter estimates (β) and standard errors (SE) from the best approximating landscape 
model (left) and climate niche model (right) explaining the correlation between habitat variables 
and Cow Knob Salamander (Plethodon punctatus) occurrence across the species’ distribution in 
eastern West Virginia and western Virginia, USA.   
Landscape Model Climatic Niche Model 
Variable β SE P(>|z|)  Variable β SE P (>|z|) 
Intercept -6.6840 0.5893 < 0.001 Intercept -5.702 0.7568 < 0.001 
Elev 1.5658 0.0835 < 0.001 AT -1.401 0.0871 < 0.001 
HLI -0.3714 0.0690 < 0.001 Hill 0.794 0.0937 < 0.001 
Slp 0.0906 0.0743 0.223 HLI -0.437 0.0767 < 0.001 
Hill 0.6409 0.0873 < 0.001     
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Table 4. Summary statistics for projected changes in mean annual temperature, and resulting 1 
percentage changes in species occurrence probability classes for the Cow Knob Salamander 2 
(Plethodon punctatus) across the species’ distribution in eastern West Virginia and western 3 
Virginia, USA. Low occurrence probability habitat is defined by the minimum training presence 4 
threshold, where all known locations were correctly predicted by the model, while high 5 
occurrence probability habitat is defined by probability values that are above the 10 fixed 6 
cumulative (i.e. the value that results in a 10% omission in training data).  7 
Climate condition Mean temp increase °C % Not suitable % Low probability % High probability 
Baseline NA 6.5 66.9 26.8 
2050 RCP4.5     
    median 1.56 74.3 23.7 2.1 
    (10th, 90th percentiles) (0.99, 2.31) (47.2, 91.2) (46.4, 8.7) (6.4, 0.2) 
2050 RCP 8.5      
    median 2.15 88.7 10.9 0.4 
    (10th, 90th percentiles) (1.2, 3.18) (66.4, 98.3) (30.3, 1.7) (3.3, 0.0) 
2100 RCP 4.5      
    median 2.07 86.9 12.5 0.5 
    (10th, 90th percentiles) (1.31, 3.06) (63.1, 97.6) (33.0, 2.4) (4.0, 0.0) 
2100 RCP 8.5      
    median  5.14 100 0.0 0.0 
    (10th, 90th percentiles) (3.26, 7.60) (98.5, 100) (1.5, 0.0) (0.0, 0.0) 
8 
 
 
35 
 
 
   
Fig. 1. A) General contemporary distribution map for the Cow Knob Salamander (Plethodon 
punctatus) along the West Virginia and Virginia border in the Valley and Ridge Province, USA. 
B) Projected contemporary occurrence probability for the Cow Knob Salamander based on the 
top landscape model that used the additive effects elevation, heat load index (HLI), hillshade, 
and slope. C) Projected contemporary occurrence probability for the Cow Knob Salamander 
based on the top climate niche model that used the additive effects of mean annual temperature, 
HLI, and hillshade.  
A B C 
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Fig 2. Map of climate refugia (high occurrence probability habitat [dark shaded areas]) for the 
Cow Knob Salamander (Plethodon punctatus) in the year 2100 using the median of an ensemble 
of 31 climate models under the 4.5 representative concentration pathway (RCP) scenario that 
forces a gradual reduction in greenhouse gas emissions after the year 2030. This climatic niche 
model used the additive effects of mean annual temperature, HLI (heat load index), and 
hillshade.  
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CHAPTER 3 
INFLUENCE OF PRESCRIBED FIRE AND FOREST STRUCTURE ON WOODLAND 
SALAMANDER ABUNDANCE IN THE CENTRAL APPALACHIANS 
 
Abstract 
Prescribed fire is used in the central Appalachians to promote and maintain mixed-oak and pine 
forests, create open forest conditions, and improve habitat for wildlife. Relatively little research 
has been conducted on responses of terrestrial salamander populations to fire, with previous 
investigations finding a range of responses from neutral to negative depending on geography, 
species, and fire-severity. We examined woodland salamander (genus Plethodon) population 
responses to habitat management using prescribed fire on Shenandoah Mountain in the George 
Washington National Forest in West Virginia and Virginia, USA. We chose this study area to 
focus on responses of the Cow Knob Salamander (P. punctatus), a talus habitat specialist and 
species of high conservation concern, but also examined responses of the Eastern Red-Backed 
Salamander (P. cinereus), a widespread habitat generalist. Three of the burn units were subjected 
to two low-severity burns and one unit was burned five times with ca. 40% tree mortality. Using 
a combination of nighttime visual encounter surveys and coverboard surveys, we compared 
terrestrial salamander abundance and body condition in unburned and burned habitat. We also 
measured habitat characteristics at sampling sites to determine if prescribed burn histories were 
correlated with habitat conditions important to woodland salamanders. We found abundance for 
P. punctatus was lower in sites with less canopy cover and sites that were in burned areas. 
Abundance of P. cinereus was also positively correlated with canopy cover, and there was 
evidence that abundance differed by burn-severity, with lowest abundances at high burn-severity 
 
 
38 
 
sites. We found that mean and median body condition index (BCI) score was higher for P. 
punctatus and lower for P. cinereus on the West Virginia side of Shenandoah mountain, and 
lower in burned habitat for both species. However, the most parsimonious models did not contain 
the burn predictor, and the coefficient confidence intervals overlapped 0. Management using 
prescribed fire altered microhabitat conditions that are important for woodland salamanders, such 
as canopy cover, leaf litter depth, and vegetation cover. Our study supports that, at least in the 
short-term, habitat management using repeated prescribed fires can result in reduced abundances 
of woodland salamanders in the central Appalachians.  
 
1. Introduction 
In the central Appalachian region of the eastern United States, prescribed fire is used by 
land managers as a tool to maintain and restore mixed-oak and pine forests, create and maintain 
open forest and early successional conditions, and decrease fuel loads to reduce the intensity of 
wildfires (Lafon et al., 2005). Mixed-oak (Quercus spp.) and pine (Pinus spp.) forests are 
adapted to low-intensity, high-frequency fires that were set by native Americans and caused by 
lightning strikes before European settlement (Aldrich et al., 2010, 2014). During the industrial 
logging period in the late 19th and early 20th centuries, high-intensity, stand-replacing fires 
became common, followed by a period of fire suppression that began in ca. 1930 (Brose et al., 
2001; Lafon et al., 2017). Massive wildfires during this period shifted public opinion to view fire 
as a detrimental force and fire suppression became a widespread policy and one of the first 
priorities for the U.S. Forest Service (USFS; Brose et al., 2001). Fire suppression allowed for 
succession from mixed-oak to forests dominated by shade-tolerant, fire-sensitive species, 
because oaks are not adapted to grow in heavily shaded forests (Brose et al., 2001). After 
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decades of fire suppression, the importance of fire as a natural disturbance in Appalachian oak 
and pine forests became apparent (e.g. Nowacki and Abrams, 2008). Consequently, in the early 
1970s, natural resource managers began using prescribed fire as a forest management tool in the 
central Appalachians, and it is now used for restoration and maintenance of fire-dependent 
ecosystems on public lands in the region (Lafon et al., 2005).  
 Prescribed fires allow for the regeneration of mixed-oak stands through removal of thin-
barked shrubs and trees that compete for sunlight, reduction of leaf litter that prevents seedling 
establishment, decreased insect predation on acorns, and increased acorn caching by wildlife 
(Van Lear and Watt, 1993; Barnes and Van Lear, 1998). Further, seed banks of non-oak species 
often decline after prescribed burns (Schuler et al., 2010). The greatest benefits of prescribed 
burns for oak regeneration generally come after repeated burns and when fires occur during the 
growing season (Brose et al., 2013). Fire is also important to Table Mountain pine (Pinus 
pugens) and pitch pine (P. rigida), two species that are native to the southern and central 
Appalachians, because it opens their serotinous cones to release seeds (Elliot et al., 1999; Welch 
et al., 2000). Prescribed fires can also increase the diversity and abundance of understory shrubs, 
forbs, and grasses that provide food and cover resources for wildlife (Elliott et al., 1999; Barrioz 
et al., 2013). 
While prescribed fires promote maintenance and restoration of oak and pine stands in the 
central Appalachians, relatively little research has been conducted on wildlife community 
responses to fire in the region. Research is needed to examine the responses of wildlife species to 
different fire regimes (i.e., fire season, intensity, size, and return interval). Further, local, species-
specific research is needed because the scale of inference is limited in fire-wildlife research due 
to variation in fire regimes, site-level habitat characteristics, and biotic interactions (Pilliod et al., 
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2003; Fontaine and Kennedy, 2012; Brown et al., 2014; O’ Donnell et al., 2016). Also, wildlife 
species respond differentially to fire based on their ecology; some species in the region such as 
Turkey (Meleagris gallopavo; McCord et al., 2014), White-Tailed Deer (Odocoileus virginianus; 
Lashley et al., 2011), and some reptiles (e.g. Keyser et al., 2004; Greenberg et al., 2018; 
Hromada et al., 2018) appear to benefit from prescribed burns, but negative impacts have been 
noted for other species such as the Eastern Box Turtle (Terrapene carolina; Howey and 
Roosenburg, 2013).  
The Appalachians are a global biodiversity hotspot for salamanders (Milanovich et al., 
2010). Woodland salamanders (genus Plethodon) are an integral component of forest 
ecosystems, their biomass often exceeds that of birds, small mammals, and deer (Burton and 
Likens, 1975), and due to their abundance, they affect invertebrate community composition and 
contribute to forest nutrient cycling (Semlitch et al., 2014; Best and Welch, 2014). Given their 
ecological importance and the unique biodiversity salamanders provide in the Appalachians, it is 
important to understand the responses of salamanders to fire in this region. For woodland 
salamanders, previous investigations found a range of responses that varied among species, 
geographic region, microhabitat characteristics, size class, and fire regime (e.g. Matthews et al., 
2010; Ford et al., 2010; O’ Donnell et al., 2015; Hromada et al., 2018; Gade et al., 2019). While 
the majority of previous studies did not conclude that prescribed fire significantly influenced 
salamander abundance, declines in abundance were apparent when multiple burns resulted in tree 
mortality (Matthews et al., 2010), and when prescribed fire was combined with shelterwood 
harvest or clearcuts (Hocking et al., 2013; Mahoney et al., 2016), suggesting prescribed fire may 
negatively impact salamander populations when it causes, or is combined with, a reduction in 
canopy cover.  
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The effects of fire on salamanders are likely indirect; terrestrial salamanders are fossorial, 
so direct mortality from fire is probably rare (Renken, 2006; O’Donnell et al., 2016). In the 
short-term, prescribed fires can affect microhabitat characteristics of a forest by reducing canopy 
cover, coarse woody debris, leaf litter, and duff, thus creating drier soil conditions and in some 
cases increasing soil hydrophobicity (Certini, 2005; Lafon et al., 2007; Matthews et al., 2010; 
Mahoney et al., 2016). Plethodontid salamanders are sensitive to changes in microhabitat 
characteristics that affect moisture or temperature, such as leaf litter depth and canopy cover, 
because they are lungless and must keep their skin moist to perform cutaneous respiration for gas 
exchange (Maerz et al., 2009).  
Previous studies on the effects of prescribed fire on woodland salamanders have mostly 
focused on the short-term effects of a single burn. However, repeated burns with relatively short 
fire intervals are often needed to achieve management objectives in central Appalachia (Brose et 
al., 2013). Thus, it is important to understand how woodland salamander populations respond to 
multiple prescribed burns and the resulting changes in forest structure characteristics. 
Additionally, population-level responses to a reduction in canopy cover can take several years to 
be realized. For example, Green and Waldrop (2008) concluded that abundance of woodland 
salamanders was not affected by a mechanical fuel reduction and prescribed burn that resulted in 
tree mortality and reduced canopy cover; however, salamander abundance was lower at these 
sites a few years later following a second prescribed burn, and lower than a treatment that was 
burned twice with no mechanical fuel reduction (Mathews et al., 2010). Also, Gade et al. (2019) 
found a decline in the number of juvenile Red-Legged Salamanders (P. shermani) 18 months 
post-wildfire when compared to the same sites 6 months post-wildfire.  
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The purpose of this study was to examine effects of fire history and forest structure 
characteristics on abundance and body condition of woodland salamanders in the central 
Appalachian region. Specifically, we focused on the Cow Knob Salamander (Plethodon 
punctatus), a high elevation endemic species of conservation concern, and sympatric populations 
of the common and widely distributed Eastern Red-Backed Salamander (Plethodon cinereus). 
Most of the distribution of P. punctatus occurs on Shenandoah Mountain within the George 
Washington National Forest (GWNF; Highton, 1972), and prescribed fire is heavily used for 
forest vegetation management in the GWNF and adjacent Jefferson National Forest (USFS, 
2014). The results of this study will allow managers to predict how future fires will affect 
terrestrial salamanders in the study area, and thus to balance vegetation-related goals with the 
promotion of robust salamander populations. 
 
2. Methods 
2.1. Study area 
We conducted our study at high elevations (> 1075 m) on Shenandoah Mountain in the 
GWNF in eastern West Virginia and western Virginia, USA (precise locations withheld due to 
the conservation status of P. punctatus). This area is in the Valley and Ridge Province, the driest 
region in the central Appalachians (Lafon and Grissino-Mayer, 2007). Dominant overstory trees 
included white oak (Quercus alba), northern red oak (Q. rubra) chestnut oak (Q. montana), 
yellow birch (Betula alleghaniensis), eastern hemlock (Tsuga canadensis), and red maple (Acer 
rubrum). The understory consisted mostly of striped maple (A. pensylvanicum) and mountain 
laurel (Kalmia latifolia). Much of the study area consisted of steep talus slopes.  
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The USFS uses prescribed fire as a management tool on the GWNF to create open forest 
and early successional conditions, and to protect ecosystem components and wildland-urban 
interfaces from severe wildfires by decreasing fuel loads (USFS, 2014; Lorber et al., 2018). This 
management plan strives to avoid burning more mesic forests where oaks are not a major 
component, and when burning is necessary, to allow only low-intensity fires (USFS, 2014). In 
order to achieve this, they have a target fire-return interval of 5–15 years in oak-dominated 
stands, and 3–9 years in pine-dominated stands, with ca. 4,850–8,100 ha burned annually (USFS, 
2014). Burns are typically conducted at the end of the dormant season or beginning of the 
growing season in late April or early May (Lorber et al., 2018).  
We restricted our study area to accessible locations in the GWNF within the known 
distribution of P. punctatus. We sampled 4 burn units: North New Road (NNR) was ca. 1,760 ha 
and burned in 2012 and 2015, Little Fork (LF) was ca. 790 ha and burned in 2000 and 2008, 
Hone Quarry (HQ) was ca. 525 ha and burned in 1999, 2002, 2010, 2013, and 2018, and Hone 
Quarry 2 (HQ2) was ca. 1010 ha and burned in 2013 and 2018 (Fig. 1). Most of these burns were 
low-severity, however, the first burn for HQ resulted in ca. 40% overstory tree mortality (Lorber 
et al., 2018).  
For each burn unit, we chose general sampling locations based on the presence of 
adjacent unburned areas (i.e., not burned since initiation of the GWNF fire program) that were 
similar in aspect, elevation, and talus level to burned plots. After delineating the general 
sampling locations, we selected sampling sites using a stratified random approach, where sites 
were at least 35 m from any roads to minimize edge effects (Semlitsch et al., 2007), no more 
than 100 m from roads to allow for ease of access, and 40 m apart to ensure each site was 
spatially independent with respect to typical woodland salamander movement distances 
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(Petranka, 1998). We ensured that all burn units had signs of fire (i.e. fire scars, burned woody 
debris, or leaf litter) within 10 m of each survey site. Each burn unit and adjacent control habitat 
contained from 6 –10 survey sites, for a total of 61 sites. Sites consisted of 5 x 5 m plots of land. 
 
2.2. Salamander surveys 
We used a combination of nighttime visual encounter surveys (VES) and nighttime 
coverboard surveys to sample salamanders at each site. Nighttime VES was previously found to 
be more effective than daytime surveys using coverboards and natural cover objects for detecting 
P. punctatus because in talus habitat, where they are most abundant, they are typically not on the 
surface during the daytime (Flint, 2004; Flint and Harris, 2005). In contrast, previous studies 
have found daytime coverboard surveys to be effective for P. cinereus (Moore, 2005; Hessed, 
2012). We acknowledge that coverboard surveys are potentially less effective at night, they were 
used here only as supplements to VES. At the center of each site, we placed 4 coverboards (2.5 
cm thick x 15 cm wide x 30 cm long) made from untreated tulip poplar (Liriodendron tulipifera). 
Each site was sampled between 2 and 5 times within a single survey year, from 22 April 
to 9 October 2017 or 16 May to 23 September 2018, for a total of 197 survey events. We 
surveyed salamanders after dusk (i.e. starting at least 30 minutes after civil twilight to a 
maximum of seven hours after dusk). All surveys took place within 24 hours of a rain event to 
maximize the probability of salamander surface activity and thus detection probability (Grover, 
1998; Flint and Harris, 2005). We employed area constrained surveys that lasted 7–18 minutes 
(mean = 12 minutes), depending on habitat complexity. We only counted salamanders visible on 
the surface or under coverboards, no natural cover objects were flipped in order to preserve the 
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integrity of the lichen and moss-covered talus habitat used by P. punctatus (Flint and Harris, 
2005). 
 
2.2.1. Salamander body condition 
When possible, we hand-captured and performed standard measurements on detected 
salamanders. We recorded snout-vent-length (SVL) to the nearest 1 mm and weight to the 
nearest 0.1 g. We used a salamander stick to maximize accuracy of SVL measurements 
(Margenau et al., 2018). We created body condition indices (BCI) for P. punctatus and P. 
cinereus by regressing (log) snout-vent-length (SVL) on (log) weight (Schulte-Hostedde et al. 
2005). Positive residuals indicate a greater than average weight for a given SVL, and vice versa. 
We did not include gravid females or salamanders missing portions of their tails in BCI analyses. 
 
2.3. Model predictors 
Our abundance predictors included fire history, forest structure, geological, and 
topographic variables. The fire history variables we tested were burn status (burned or 
unburned), burn class (unburned, low-severity, high-severity), and time-since-burn. We 
measured overstory canopy cover at the center of each site using a convex spherical densiometer 
at chest height, with measurements taken in 4 directions and averaged. We recorded the percent 
ground cover of leaves, moss, and vegetation at each site using ocular estimation. We measured 
leaf litter depth from the surface of the leaf litter to the top of the soil, duff layer, or rocks. We 
took one leaf litter depth measurement in the center of each quadrant and used the mean of these 
values. We did not measure the duff layer because most sites did not have duff in the talus 
habitat. We modified a talus ranking system that has been used previously in our study area that 
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is based on the relative amount of rocks, soil, and spacing present (Downer, 2009). We ranked 
talus habitat on a scale from 0 to 5, where 0 is soil with few or no rocks present, 2.5 is a mixture 
of soil and rocks with some cracks and crevices present, and 5 is rocks with no soil and abundant 
cracks and crevices between the rocks. We also created a binary talus variable to assess if the 
presence of talus is more important than the amount of cracks and crevices present. Sites were 
classified sites as talus if it received a talus ranking score greater than 2.5. 
We included state (i.e. West Virginia [WV] or Virginia), which corresponded to side of 
the mountain, as a covariate because previous research found P. punctatus was more abundant on 
the western side of the mountain (i.e., WV), likely due to wetter conditions within the study area 
(Flint and Harris, 2005). We obtained a 1/3 arc second (ca. 8 m2 at 39° North) digital elevation 
model (DEM) from the U.S. Geological Survey National Elevation Dataset and derived 3 
variables from this layer: Heat Load Index (HLI), slope, and hillshade. HLI is a measurement of 
the potential heat and incident radiation a site receives due to aspect and slope (McCune and 
Keon, 2002). This index assigns higher values for locations with a southwest aspect because they 
receive higher maximum temperatures from the afternoon sun. The following equation rescales 
aspect to a scale from 0 for cooler northeast-facing slopes, to 1 for warmer southwest-facing 
slopes: 
𝐻𝑒𝑎𝑡 𝐿𝑜𝑎𝑑 𝐼𝑛𝑑𝑒𝑥 =
1– 𝑐𝑜𝑠 (𝜃– 45)
2
 
where θ = aspect in degrees east of north. HLI also accounts for the steepness of a south-facing 
slope because steeper slopes dry out faster (McCune and Keon, 2002).  
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2.4. Data analyses 
2.4.1. Forest structure characteristics  
We assessed relationships between fire history and forest structure characteristics using 
redundancy analyses (RDA). RDA is a multivariate analysis that is an extension of principal 
components analysis (PCA) to include explanatory variables. We chose RDA over canonical 
correspondence analysis (CCA) because our gradient lengths were short (<2; Legendre and 
Legendre, 2012). We conducted global ANOVA permutation tests to determine if forest structure 
characteristics differed based on burn class and time-since-burn. We used the package vegan 
(version 2.5-4) in program R (version 3.5.1) for RDA analyses. 
 
2.4.2. Salamander abundance  
For woodland salamanders, often only a small proportion of the population is active on 
the surface and available for detection due to their unique physiological requirements and 
activity patterns (Bailey et al., 2004). Thus, it is important to consider parameters that affect 
detectability when estimating salamander abundance (O’Donnell and Semlitch, 2015). To 
estimate abundance and detectability parameters, we analyzed repeated counts using single-
season, closed population N-mixture models (Royle, 2004). N-mixture models account for 
variations in detection probability using temporally and spatially replicated surveys.  
For each species, we tested a Poisson, Zero-inflated Poisson (ZIP), and negative binomial 
(NB) distribution for the abundance submodels. The negative binomial models did not converge, 
which is a common issue when detection probabilities are low (Dennis et al., 2015). We selected 
the ZIP distribution because it resulted in a lower Quasi Akaike’s information criterion, corrected 
for small sample (QAICc) score for both species. To assess model goodness-of-fit, we used the 
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most complex candidate model and a 1,000-replication parametric bootstrap of the Pearson chi-
square statistic (Kéry and Royle, 2016). Our c-hat values for P. punctatus were 1.46, 1.38, and 
1.32, and for P. cinereus were 1.77, 1.88, and 1.73 for the geological, burn history, and forest 
structure models respectively, indicating some overdispersion. To account for this 
overdispersion, we ranked candidate models using QAICc (Symonds and Moussalli, 2011). 
We used a QAICc model selection approach to determine the most important predictors 
of woodland salamander abundance and detection probability (p). We first selected the most 
parsimonious p submodels using weather and temporal variables collected during each survey. 
We tested air temperature (°C), relative humidity, time since sunset, and wind speed (kph). We 
retained the most parsimonious p submodel for all further analyses. We then selected the most 
parsimonious model for geological-topographic variables (i.e., state, talus, elevation, HLI, 
hillshade, slope), which were also retained for all further analyses. We conducted separate model 
selection analyses for fire history and forest structure characteristics, to determine if there was an 
overall effect of fire and if abundance was strongly related to the forest structure characteristics 
we measured, respectively. During preliminary analyses we detected model convergence issues 
for some variable combinations when >4 abundance covariates were included, and thus we 
restricted our model selections to include a maximum of 4 covariates. We considered variables to 
have some support if ∆QAICc < 7 (Burnham et al. 2011). We conducted N-mixture and model 
selection analyses using the packages unmarked (version 0.12-2) and AICcmodavg (version 2.1-
1) in program R. 
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2.4.2. Salamander body condition 
We used linear regression models with a Gaussian distribution to assess effects of fire 
history and forest structure characteristics on salamander BCI (Zuur et al., 2009). We used 
graphical diagnostics (i.e., quantile-quantile and residual plots) to assess model fit, which 
indicated our data satisfied the assumptions of normality and heteroscedasticity. As with the 
abundance analyses, we first fit models with the most parsimonious geological-topographical 
variables; we then retained these variables for separate fire history and forest structure analyses. 
We only tested variables we hypothesized would have an impact on BCI. 
 
3. Results 
3.1. Forest structure characteristics 
The RDA indicated a significant relationship between burn class and forest structure 
characteristics (F = 7.09, P <0.001), and between time-since-burn and forest structure 
characteristics (F = 7.52, P <0.001). Canopy cover, moss cover, leaf cover, and litter depth 
showed a strong positive correlation with unburned sites, and a strong negative correlation with 
high-severity fire sites, while vegetation cover showed the opposite relationship. Low-severity 
sites had intermediate values for forest structure characteristics (Fig. 2). Canopy cover and moss 
cover were positively correlated, forest structure cover was negatively correlated, and litter depth 
and leaf cover were not strongly correlated with time-since-burn. 
 
 3.2. Salamander abundance 
We captured a total of 296 salamanders, including 80 P. punctatus, 213 P. cinereus, and 
3 Eastern Newts (Notophthalmus viridescens). We detected P. punctatus and P. cinereus at 31 
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and 54 sites, respectively. All locations where we found P. punctatus were on, or within 100 m 
of, talus habitat. We found 0% of P. punctatus and 3.8% of P. cinereus under coverboards during 
our study. Detection probability increased with temperature for both P. punctatus and P. cinereus 
(Fig. 3). Mean estimated abundance per site was 6.1 and 19.0 for P. punctatus and P. cinereus, 
respectively (Fig. 4).  
For the geological-topographic model selection, abundance of P. punctatus was best 
predicted by state and the binary talus variable, while P. cinereus abundance was best predicted 
by state (Table 1), with abundances higher on the WV side of the mountain for both species, and 
higher in talus for P. punctatus (Table 2). For the fire history model selection, the most 
parsimonious model for P. punctatus included burn status as a predictor of abundance (Table 1), 
and abundance was negatively associated with burned sites (Table 2), though the null model also 
received some support. For P. cinereus, the most parsimonious model was the null model, 
however there was support for both burn class and burn status as a predictor of abundance (Table 
1), with lowest abundances in the high-severity class and highest abundances in the unburned 
class (Table 2). Canopy cover was the most supported forest structure predictor for abundance of 
both P. punctatus and P. cinereus (Table 1), with abundances positively correlated with canopy 
cover (Table 2). Vegetation cover was also included in the most parsimonious forest structure 
model for P. cinereus, with a positive correlation. All forest structure variables tested had some 
support as predictors of abundance for both species (Table 1).  
 
3.3. Salamander body condition 
For the geological-topographic BCI model selection, the most parsimonious model for 
both species contained state as a predictor (Table 3), with P. punctatus BCI being higher, and P. 
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cinereus BCI being lower, on the WV side of the mountain (Table 4, Fig. 5a). For the fire history 
model selection, burn status had some support for both species, but the null models received 
higher support (Table 3). Mean and median BCI was lower in burned habitat for both species 
(Fig. 5b). For the forest structure model selection, the most parsimonious model included leaf 
cover for both species, and vegetation cover for P. cinereus (Table 3). BCI was negatively 
correlated with leaf depth for P. punctatus, and negatively correlated with leaf cover and 
vegetation cover for P. cinereus.  
 
4. Discussion 
We found abundance for both P. punctatus and P. cinereus was negatively associated 
with burned habitat, suggesting that, at least in the short-term, prescribed fires may result in 
reduced habitat quality for woodland salamander populations on Shenandoah Mountain. Results 
of the burn class model for P. cinereus indicate that effects on abundance may increase with fire-
severity, which also corresponded to larger effects on forest structure characteristics. In 
particular, canopy cover was negatively associated with burned habitat, and this relationship was 
the strongest for the high-severity HQ burn unit (see Fig. 2). Canopy cover was the strongest 
forest structure predictor of abundance for both species, with leaf litter depth, leaf cover, and 
vegetation cover also receiving some support. In spite of the inverse relationship between canopy 
cover and vegetation cover (Fig. 2), P. cinereus abundance was positively correlated with both 
variables, suggesting increased vegetation cover from prescribed fire could buffer the effects of 
canopy loss for this species. Based on our results and additional studies (e.g. Matthews et al., 
2010; Mahoney et al., 2016), it appears that the greatest effects of prescribed fire on woodland 
salamander abundance occur when canopy cover is reduced. 
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Canopy cover and leaf litter could be particularly important for P. punctatus because of 
their talus habitat association and the climate of this region. The surface of talus habitat dries out 
faster than areas with soil because water percolates through the rubble, spaces between the rocks 
allow for air flow and quicker evaporation, and there is reduced capillarity with coarser particles 
(McCune, 1977; Pérez, 1998). Reductions in canopy cover and leaf litter would increase the rate 
of surface drying and could limit the amount of time salamanders can be active on the surface for 
foraging or breeding (O’Donnell et al., 2016). Prescribed fire in the GWNF tends to create more 
canopy gaps on sites with a higher HLI (Lorber et al., 2018), meaning fire creates more canopy 
gaps on aspects where P. punctatus is likely to be absent or less abundant (Buhlmann et al., 
1988; USFS, 2014). However, even though P. punctatus is less abundant on these aspects, we 
found them at several sites on a high-elevation, south-facing talus slope.  
Our results indicate that abundances of P. punctatus were more than twice as high in talus 
habitat on the WV side of the mountain (0.41 per m2) as the VA side of the mountain (0.15 per 
m2). This finding is congruent with a previous capture-recapture study for P. punctatus (Flint and 
Harris, 2005). Our abundance estimates also overlap the abundances estimated by Flint and 
Harris (2005) who found 0.35 and 0.65 individuals per m2 in their surveys that were confined to 
perceived optimal habitat on north-facing talus slopes. For our best P. punctatus sites, estimated 
abundances were similar to, or higher than Flint and Harris (2005). Our finding that BCI was 
greater for P. punctatus on the WV side of the mountain is also congruent with Flint and Harris 
(2005). Greater abundance and BCI of P. punctatus on the WV side of the mountain could be 
due to wetter conditions and habitat differences (Flint and Harris, 2005). Our habitat 
measurements indicated that our sites on the west side of the mountain had greater moss cover, 
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suggesting these sites may be wetter. Additionally, the WV side of the mountain appears to have 
more and larger talus areas, which could allow for greater habitat patch size and connectivity.   
Due to the vulnerability of P. punctatus to climate change (Chapter 2) and its poor 
acclimation ability to warmer temperatures (Markle et al., 2018), a closed canopy could be an 
important component of climate refugia for this species. In order to maintain P. punctatus 
populations, land managers should consider managing for a closed canopy forest where this 
species is known to occur. Potential concerns for negative effects of prescribed fire management 
on P. punctatus population viability might be eased if fire is concentrated on drier sites where the 
species is less abundant and fire was historically more common (Harper et al., 2016), and if fires 
that occur in more suitable habitat are low-intensity and do not result in overstory tree mortality. 
However, we note the drier ridges of Shenandoah Mountain are occupied by the endemic 
Shenandoah Mountain Salamander (Plethodon virginia), and to our knowledge no studies have 
investigated effects of habitat management using fire on this species. We emphasize that, while 
we did detect a difference in abundance based on Burn Status, our study does not indicate that 
burning has resulted in local extirpations of P. punctatus. This study contributes to the general 
ecological knowledge of P. punctatus by quantifying relationships between habitat 
characteristics and abundance/BCI, and provides agencies with information that can be used for 
management of the species. 
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Table 1. Model selection results to determine relationships between fire history and habitat 
characteristics on Cow Knob Salamander (Plethodon punctatus) and Red-backed Salamander 
(Plethodon cinereus) abundance. Geological-topographic model selection variables included 
state (i.e. West Virginia = 1, or Virginia = 0), elevation (Elev), slope, hillshade (Hill), Heat Load 
Index (HLI), an index of talus cover (Talus), and talus or not talus (Bin_tal). Fire history model 
selection variables included unburned or burned (Burn Status), unburned and severity of burns 
(Burn Class), and time-since-burn (Time burn). Forest structure model selection variables 
included canopy cover (C%), vegetation cover (V%), leaf cover (L%), moss cover (M%), and 
litter depth in cm (LD). Model selection was based on Quasi Akaike’s Information Criterion 
corrected for small sample size (QAICc). 
Plethodon punctatus Plethodon cinereus 
Model QAICc ΔQAICc wi Model QAICc ΔQAICc wi 
Geological models    Geological models    
Bin_tal + WV 243.26 0 0.55 State 350.07 0.00 0.35 
Bin_tal + Elev 244.41 1.15 0.31 State + Talus 350.34 0.27 0.30 
Bin_tal 247.39 4.14 0.07 State + Slope 351.34 1.27 0.18 
Talus 248.81 5.55 0.03 State + Bin_tal 352.05 1.98 0.13 
Bin_tal + Slope 249.94 6.69 0.02 Hill 355.09 5.02 0.03 
WV 251.03 7.77 0.01 Talus 357.71 7.64 0.01 
Elev 252.81 9.55 0 Bin_tal 359.82 9.75 0.00 
HLI 256.09 12.83 0 Slope 362.16 12.09 0.00 
Slope 258.48 15.22 0 Elev 369.30 19.23 0.00 
Hill 258.88 15.62 0 State + Elev 395.50 45.43 0.00 
Fire History Models    Fire history models    
Bin_tal + State + Burn 239.04 0 0.62 State 330.38 0.00 0.47 
Bin_tal + State 240.03 1 0.38 State + Burn Class 331.05 0.67 0.34 
Burn site-only models    State + Burn Status 332.24 1.86 0.19 
Bin_tal 141.16 0.00 0.84 Burn site-only models    
Bin_tal + Time burn 144.53 3.37 0.16 Hill 163.31 0.00 0.77 
Forest structure Models    Hill + BurnT 165.72 2.41 0.23 
Bin_tal + State + C% 244.57 0.00 0.30 Forest structure models    
Bin_tal + State 244.90 0.34 0.25 State + C% + V% 340.95 0.00 0.24 
Bin_tal + State + C% + V% 247.06 2.50 0.09 State + C% 341.09 0.14 0.22 
Bin_tal + State + C% + LD 247.18 2.61 0.08 State + C% + LD 342.33 1.38 0.12 
Bin_tal + State + C% + L% 247.26 2.69 0.08 State + C% + V % + LD 342.48 1.53 0.11 
Bin_tal + State + LD 247.51 2.95 0.07 State + C% + V% + M% 343.26 2.30 0.08 
Bin_tal + State + L% 247.54 2.97 0.07 State + C% + M% 343.60 2.65 0.06 
Bin_tal + State + V% 247.54 2.97 0.07 State + C% + L% 343.74 2.79 0.06 
Bin_tal + State + C% 244.57 0.00 0.30 State + C% + V% + L% 343.78 2.83 0.06 
    State 346.31 5.36 0.02 
    State + LD 347.59 6.63 0.01 
    State + M% 348.22 7.27 0.01 
    State + L% 348.78 7.83 0.00 
    State + V% 348.79 7.84 0.00 
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Table 2. Abundance parameter estimates (β) for the best approximating fire history and forest 
structure N-mixture models for the Cow Knob Salamander (Plethodon punctatus; left) and the 
Eastern Red-Backed Salamander (Plethodon cinereus; right). Variables include state (West 
Virginia or Virginia), an index of talus cover (Talus), talus or not talus (Bin_tal), canopy cover 
(C%), vegetation cover (V%), litter depth (LD), unburned or burned (Burn Status), and burn 
class (i.e. unburned, low-severity [Low] or high-severity [High]). 
 
 
 
 
 
Plethodon punctatus Plethodon cinereus 
Variable β SE 95% CI Variable β SE 95% CI 
Fire history model    Fire history model    
(Intercept) 0.899 1.257 (-1.56, 3.36) (Intercept) 2.116 0.694 (0.76, 3.48) 
Bin_Tal 1.333 0.416 (0.52, 2.15) State 0.669 0.183 (0.30, 1.03) 
State 1.146 0.334 (0.49, 1.80) High -1.048 0.488 (-2.00, -0.09) 
Burn Status -0.612 0.264 (-1.13, -0.09) Low -0.047 0.149 (-0.34, 0.25) 
Forest structure model    Forest structure model    
(Intercept) 0.655 1.133 (-1.57, 2.88) (Intercept) -0.716 1.302 (-3.27, 1.84) 
Bin_Tal 1.439 0.421 (0.62, 2.26) State 0.891 0.183 (0.53, 1.25) 
State 0.714 0.360 (0.01, 1.42) C% 0.036 0.010 (0.02, 0.05) 
C% 0.031 0.016 (-0.00, 0.06) V% 0.007 0.003 (0.00, 0.01) 
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Table 3. Model selection results for relationships between habitat variables and body condition 
index (BCI) for the Cow Knob Salamander (Plethodon punctatus; left) and Eastern Red-Backed 
Salamander (Plethodon cinereus; right). Geological-topographic model selection variables 
included state (West Virginia or Virginia), an index of talus cover (Talus), elevation (Elev), 
slope, hillshade (Hill), and Heat Load Index (HLI). Fire history model selection variables 
included unburned or burned (Burn Status). Forest structure model selection variables included 
canopy cover (C%), vegetation cover (V%), leaf cover (L%), moss cover (M%), and litter depth 
(LD). Model selection was based on Quasi Akaike’s Information Criterion corrected for small 
sample size (AICc). 
Plethodon punctatus Plethodon cinereus 
Model AICc ΔAICc wi Model AICc ΔAICc wi 
Geological Models    Geological Models    
State -108.91 0.00 0.28 State -124.14 0.00 0.28 
State + HLI -108.69 0.22 0.25 Null -122.67 1.47 0.13 
State + Talus -107.36 1.55 0.13 State + HLI -122.61 1.53 0.13 
State + Hill -106.77 2.14 0.10 State + Hill -122.20 1.94 0.11 
State + Elev -106.56 2.35 0.09 State + Talus -122.04 2.10 0.10 
HLI -106.07 2.83 0.07 State + Elev -121.94 2.20 0.09 
Null -105.10 3.80 0.04 HLI -121.52 2.62 0.07 
Talus -103.56 5.35 0.02 Elev -120.57 3.57 0.05 
Hill -103.47 5.43 0.02 Talus -120.52 3.62 0.05 
Elev -103.03 5.88 0.01 Fire history models    
Fire-history Models    State -124.14 0.00 0.64 
State -108.91 0.00 0.77 State + Burn Status -123.02 1.12 0.36 
State + Burn Status -106.53 2.37 0.23 Forest structure models    
Forest structure models     State + V% + L% + LD -133.03 0.00 0.32 
State + LD -108.93 0.00 0.18 State + V% + L% -132.68 0.35 0.27 
State -108.91 0.02 0.18 State + V% -130.79 2.24 0.10 
State + V% -108.54 0.38 0.15 State + V% + L% + M% -130.73 2.30 0.10 
State + LD + V% -108.44 0.48 0.14 State + V% + L% + C% -130.32 2.71 0.08 
State + Can -107.43 1.50 0.08 State + V% + M% -128.69 4.33 0.04 
State + LD + C% -106.88 2.05 0.06 State + V% + LD -128.69 4.34 0.04 
State + L% -106.74 2.18 0.06 State + V% + C% -128.62 4.41 0.04 
State + M% -106.59 2.33 0.06 State -124.14 8.89 0.00 
State + L% + LD -106.45 2.48 0.05 State + M% -123.87 9.16 0.00 
State + LD + M% -106.45 2.48 0.05 State + L% -123.22 9.80 0.00 
    State + LD -122.54 10.49 0.00 
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Table 4. Parameter estimates (β) for relationships between habitat variables and body condition 
index (BCI) for the Cow Knob Salamander (Plethodon punctatus; left) and Eastern Red-Backed 
Salamander (Plethodon cinereus; right). Geological-topographic variables include state (West 
Virginia or Virginia) and slope, fire history variables include unburned or burned (Burn Status), 
and forest structure variables include vegetation cover (V%), leaf cover (L%), and litter depth 
(LD). 
Plethodon punctatus Plethodon cinereus 
Variable β SE 95% CI Variable β SE 95% CI 
Fire history model    Fire history model    
Intercept -0.072 0.033 (-0.10, 0.30) Intercept 0.045 0.024 (-0.00, 0.09) 
State 0.083 0.034 (0.01, 0.14) State -0.047 0.027 (-0.10, 0.00) 
Burn Status -0.001 0.022 (-0.04, 0.04) Burn Status -0.025 0.024 (-0.07, 0.02) 
Forest structure model    Forest structure model    
Intercept -0.049 0.034 (-0.11, 0.02) Intercept 0.124 0.031 (0.06, 0.18) 
State 0.086 0.033 (0.02, 0.15) State -0.035 0.028 (-0.09, 0.02) 
LD -0.042 0.028 (-0.10, 0.01)  V% -0.002 0 (-0.00, -0.00) 
    L% -0.002 0.001 (-0.00, -0.00) 
    LD 0.094 0.058 (-0.02, 0.20) 
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Fig. 1. Burn units included in this study investigating responses of woodland salamanders to 
prescribed fire management on Shenandoah Mountain in the George Washington National Forest 
in West Virginia and Virginia, USA. Prescribed burns were conducted in the following years: 
North New Road (NNR) in 2012 and 2015, Little Fork (LF) in 2000 and 2008, Hone Quarry 
(HQ) in 1999, 2002, 2010, 2013, and 2018, and Hone Quarry 2 (HQ2) in 2013 and 2018.   
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Fig. 2. Biplots from redundancy analyses (RDA) showing the relationships between forest 
structure characteristics and fire history variables at our woodland salamander survey plots on 
Shenandoah Mountain in the George Washington National Forest in West Virginia and Virginia, 
USA. Forest structure characteristics included canopy cover % (Canopy), moss cover % 
(MossC), vegetation cover % (VegC), leaf cover % (LeafC), and leaf litter depth (LitterD). (A) 
Relationships between forest structure characteristics and whether a site was located in the 
unburned, low-severity (Low), or high-severity (High) burn class. (B) Relationships between 
forest structure characteristics and time-since-burn (BurnT) among the burn sites. Forest 
structure characteristics pointing towards the fire history variables were positively correlated, 
and vice versa. 
A 
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Fig. 3. Estimated relationship between air temperature and detection probability (p) for (A) the 
Cow Knob Salamander (Plethodon punctatus), and (B) the Eastern Red-Backed Salamander 
(Plethodon cinereus) on Shenandoah Mountain in the George Washington National Forest. 
These p estimates are based on N-mixture models that included 197 surveys across 61 sites in 
2017 and 2018, abundance predictors were (West Virginia or Virginia), talus or not talus, and 
canopy cover (%) for P. punctatus and state, canopy cover (%), and vegetation cover (%) for P. 
cinereus. The black line represents mean detection probability and gray areas fall within the 95% 
confidence interval.  
A 
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Fig. 4. Estimated abundances of (A) the Cow Knob Salamander (Plethodon punctatus) and (B) 
the Eastern Red-backed Salamander (Plethodon cinereus) across 61, 25 m2 sites surveyed in 
2017 or 2018 on Shenandoah Mountain in the George Washington National Forest in West 
Virginia and Virginia, USA. Abundance estimates are based on N-mixture models using 
geological-topographic and forest structure predictors-only, including the additive effects of state 
(West Virginia or Virginia), talus or not talus, and canopy cover (%) for P. punctatus, and state, 
canopy cover (%), and vegetation cover (%) for P. cinereus. Site abundances are separated by 
burn class (unburned, low-severity [Low], and high-severity [High]). Shapes represent the mean 
A 
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abundance estimate for the following sites: circles for VA not talus, triangles for VA talus, 
squares for WV not talus, and diamonds for WV talus. Lines represent 95% confidence intervals. 
Shading represents a site’s canopy cover, with lighter shading represents less canopy cover and 
darker shading represents more canopy cover.  
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Fig. 5. Boxplot summaries of body condition index (BCI) values from our study investigating 
responses of woodland salamanders to prescribed fire management on Shenandoah Mountain in 
the George Washington National Forest in West Virginia and Virginia, USA. We found BCI for 
the Cow Knob Salamander (Plethodon punctatus; n = 49; top) was (A) higher on the West 
Virginia side of the mountain, and (B) some support BCI is higher in unburned areas. For the 
Eastern Red-Backed Salamander (Plethodon cinereus; n = 76; bottom) BCI was (A) lower on the 
West Virginia side of the mountain and (B) Some support that BCI is higher in unburned areas.  
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